The United Kingdom-Primary Biliary Cholangitis (UK-PBC) risk scores are a set of prognostic models that estimate the risk of end-stage liver disease in patients with PBC at 5-, 10-and 15-year intervals. They have not been externally validated outside the United Kingdom. In this retrospective, external validation study, data were abstracted from outpatient charts and discrimination and calibration of the UK-PBC risk scores were assessed. A total of 464 patients with PBC treated with ursodeoxycholic acid were included. The median diagnosis age was 52.4 years, and 88% were female patients. The cumulative incidence of events was 6%, 9%, and 15% at 5, 10, and 15 years, respectively. Concordance (c-statistic) was 0.88, 0.85, and 0.84 using the 5-, 10-and 15-year risk scores, respectively, which was slightly lower than values observed in the United Kingdom validation cohort. Using the 5-year risk score, more events were observed than predicted (25 versus 16.8; P 5 0.046); using the 10-year risk score, there was no difference between the observed and predicted number of events (35 versus 44.9; P 5 0.14); conversely, using the 15-year risk score, fewer events were observed than predicted (46 versus 67.5; P 5 0.009). Limiting evaluation by the 15-year UK-PBC risk score to those with >10 years of follow-up demonstrated no difference between observed and predicted events. Using the 5-year risk score, patients within the highest quartile had statistically significant worse event-free survival compared to the rest of the cohort: 82% versus 98% at 5 years, 73% versus 97% at 10 years, and 58% versus 93% at 15 years. Conclusion: In patients assessed at a North American tertiary medical center, the UK-PBC risk score had excellent discrimination and was reasonably calibrated both in the short and long term. (Hepatology Communications 2018;2:676-682) 
P rimary biliary cholangitis (PBC) is a chronic, autoimmune, cholestatic liver disease that is characterized by the destruction of small intrahepatic bile ducts.
(1) Due to its extended natural history, one of the longstanding challenges in the care of patients with PBC has been the ability to prognosticate transplant-free survival. (2) The advent of ursodeoxycholic acid (UDCA) as a treatment for PBC led to development of different binary response criteria (e.g., Barcelona, Paris I, Rotterdam, Paris II, Toronto), (3) all predicated on responses after 1 to 2 years of UDCA treatment. More recently, the aspartate aminotransferase to platelet ratio was developed to predict outcome independent of UDCA, and continuous prognostic risk scores were developed by the Global PBC group (GLOBE score) and the United Kingdom-PBC group (UK-PBC risk scores). (4, 5) The UK-PBC risk scores predict the probability of death, liver transplant, or severe hyperbilirubinemia (e.g., bilirubin >5.8 mg/dL) at 5, 10, and 15 years following 1 year of UDCA treatment. (4) These 5-, 10-, and 15-year UK-PBC risk scores were derived (n 5 1,916) and validated (n 5 1,249) from patient data collected from a research network of 155 centers across the United Kingdom. (4) Given that the UK-PBC risk score models were developed across a variety of transplant and nontransplant centers in the United Kingdom, our aim was to externally validate the UK-PBC risk scores in a North American cohort of patients with PBC seen in a tertiary medical center. We evaluated the UK-PBC risk scores by first assessing discrimination and calibration and then performing a sensitivity analysis to determine the stability of these characteristics. In post hoc analysis, we also evaluated the clinical characteristics and UK-PBC risk scores of patients in the highest quartile of scores.
Materials and Methods

STUDY POPULATION
Eligible subjects from the Mayo Clinic PBC Genetic Epidemiology (MCPGE) Registry followed between April 1987 and October 2017 at the Mayo Clinic were included in this study. The establishment of the MCPGE Registry has been previously described. (6) Subjects were included if their PBC diagnosis was based on internationally accepted criteria, i.e., elevated alkaline phosphatase and positive antimitochondrial antibody or in the case of antimitochondrial antibody-negative subjects, a liver biopsy with classic histologic findings of PBC. (7) Exclusion criteria included age <18 years at study entry, history of concomitant liver disease (e.g., autoimmune hepatitis, viral hepatitis, or nonalcoholic fatty liver disease), no UDCA treatment or unknown first UDCA treatment date, history of hepatocellular carcinoma prior to treatment with UDCA, occurrence of a defined endpoint within a year of starting treatment with UDCA, and lack of biochemical variables required to sufficiently calculate UK-PBC risk scores (see below for necessary variables). This study was approved by the Mayo Clinic Institutional Review Board.
STUDY ENTRY AND OUTCOMES
Values for alkaline phosphatase, aspartate aminotransferase/alanine aminotransferase, and bilirubin were taken at 12 months following initiation of UDCA (where 12-month values were missing, values up to 24 months following UDCA initiation were used); values for albumin and platelets were taken from the date of PBC diagnosis. The UK-PBC risk scores were calculated using an approach consistent with the original UK-PBC manuscript (personal communication with Dr. M. Carbone, Department of Health Sciences, School of Medicine and Surgery, University of Milano, Italy, marco.carbone@unimib.it.). Outcomes were defined using the same criteria as those defined in the derivation of the UK-PBC risk scores (4) : death from a liver-related cause (i.e., liver failure, variceal hemorrhage, or hepatocellular carcinoma), liver transplant or serum bilirubin >5.8 mg/dL. For patients with multiple events, only the first to occur was included in the analysis. Patients who did not reach an event were censored at the date of their most recent blood tests or date of non-liver related death. Patients for whom cause of death was unclear or unknown were assumed to have died from non-PBC-related causes in the initial analysis. To determine if this assumption would influence the discrimination or calibration of the UK-PBC risk scores, a subsequent sensitivity analysis was performed that assumed that these patients died a liver-related death.
STATISTICAL ANALYSIS
Descriptive statistics summarizing data are reported as medians, interquartile ranges (IQR), and proportions. Statistical comparisons of continuous and categorical variables were made using the Wilcoxon rank sum and chi-square tests, respectively. Kaplan-Meier curves were used to estimate the probability of being event-free over time and the event rates at specific points in time. Consistent with the original UK-PBC risk scores, laboratory values at least 12 months after UDCA treatment were used to calculate the risk scores. Multiple imputation was used to estimate any required missing values; imputation was run 5 times by chained equations available in the R package "mice," and results were reported using an average from the five data sets. (8) Discrimination, the ability of a risk score to accurately rank subjects from low to high risk, was assessed using the concordance statistic (c-statistic). For a binary outcome, the c-statistic is equivalent to the area under the receiver operating characteristic curve. This method can be extended for use with the Cox model and was used in this analysis. (9) Calibration, the ability to accurately predict the absolute risk level, was assessed by comparing the observed and predicted number of events based on the person-years of observation. We computed 95% confidence intervals (CIs) assuming the observed number of events follow a Poisson distribution. To assess the consistency of calibration across the predicted risk distribution, 
*Laboratory values are imputed to increase the number of usable samples for testing the model; † ALT and AST were not imputed but were imputed as the composite ALT/AST variable used in the model. The median (IQR) values reported here are not imputed. Abbreviations: ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; ANA, anti-nuclear antibody; AST, aspartate aminotransferase; Cr, creatinine; IgG, immunoglobulin G; LLN, lower limit of normal; Plt, platelets; Na, sodium; OLT, orthotopic liver transplantation; SMA, smooth muscle actin; TB, total bilirubin; ULN, upper limit of normal.
individual UK-PBC risk scores were calculated and then divided into quartiles. The observed median risk was then calculated for each group. The predicted risk was plotted against the observed risk for each group of patients to allow visual assessment of agreement, while Poisson regression was used to statistically assess agreement. (10) We also assessed the calibration of Barcelona, Paris-I, Rotterdam, Toronto, Paris-II, and GLOBE scores. Statistical significance was defined as a twotailed value of P < 0.05, and the analysis was performed using R (version 3.3.1; R Core Team, Vienna, Austria).
Results
Medical records of 1,003 patients with PBC were reviewed, and 539 patients were excluded, primarily due to lack of laboratory values at specified time points (Supporting Fig. S1 ). Compared to those who were included, those excluded were more likely to need transplantation and had higher bilirubin at the time of diagnosis (Supporting Table S1 ). A total of 464 patients were included in the study. Characteristics for these patients along with the characteristics of the derivation and validation cohorts from the original UK-PBC risk scores study are provided in Table 1 . Missing information is summarized in Supporting Table S2 ; 113 subjects had at least 1 laboratory value imputed for use in calculating the UK-PBC risk scores. Median follow-up was 11.2 years after diagnosis (IQR, 6.1-17.8 years) and 9.7 years after 1 year of UDCA treatment (IQR, 4.2-14.6). Forty-six patients (9.9%) in our cohort experienced an event by the end of follow-up (Table 2) : 2 (0.4%) patients died a liver-related death, 20 (4.3%) patients received a liver transplant, and 24 (5.2%) patients had a rise in bilirubin >5.8 mg/dL (18 of whom subsequently received a transplant and 4 died during follow-up). The overall event-free survival rate in our cohort was 94.0% at 5 years, 91.1% at 10 years, and 84.8% at 15 years. By comparison, the event-free *Patients censored after first liver-related event; † these were not included in any analysis but are included here for reference only; ‡ these were included in the sensitivity analysis where unknown cause of death was assumed to be due to PBC. survival reported for the overall UK-PBC cohort was 96%, 89%, and 86% at 5, 10, and 15 years, respectively.
Discrimination of the UK-PBC risk scores in the MCPGE cohort was evaluated using the c-statistic and was 0.88 (95% CI, 0.76-0.99) for the 5-year risk score, 0.85 (95% CI, 0.75-0.94) for the 10-year risk score, and 0.84 (95% CI, 0.75-0.93) for the 15-year risk score. The ratio of observed to predicted number of events in the MCPGE cohort was 1.5 (25/16.8; P 5 0.046), 0.8 (35/44.9; P 5 0.14), and 0.7 (46/67.5; P 5 0.009) for the 5-, 10-, and 15-year risk scores, respectively (Fig. 1A-C) . To determine whether the UK-PBC risk scores have good performance after long-term follow-up, we used the 15-year UK-PBC risk score and limited patients to those with >10 years of follow-up; following this analysis, we observed 11 events and predicted 11.75 events (P 5 0.83).
We then performed a sensitivity analysis where the model assumed that those with unknown cause of death died of liver-related causes. The resulting cstatistics were similar to the main model: 5 years 0.86 (0.76-0.97), 10 years 0.82 (0.73-0.90), and 15 years 0.81 (0.73-0.86). The ratio of observed to predicted number of events in the MCPGE cohort was 1.7 (29/ 17; P < 0.001), 1 (47/45; P 5 0.757), and 1 (65/68; P 5 0.761) for the 5-, 10-, and 15-year risk scores, respectively, indicating that the calibration was no worse than with the main version of the endpoint with the exception of the 15-year risk score.
The remainder of the post hoc analysis evaluating the highest risk quartile was thus performed on the main model (e.g., the model with the assumption that unknown deaths were not due to PBC). We sought to identify factors associated with liver-related events. This demonstrated that the quartile of patients with the highest 5-year UK-PBC risk scores had significantly worse event-free survival than the remainder of the cohort (P < 0.001) at 5 (82% versus 98%), 10 (73% versus 97%), and 15 years (58% versus 93%) (Fig. 2) . Results were similar when the 10-year or 15-year UK-PBC risk scores were used. These patients were characterized by severe cholestasis, hepatitis, and portal hypertension (Supporting Table S3 ). Boxplots of the median scores and ranges of the UK-PBC risk scores for each quartile can be found in Fig. 3 , which demonstrates that the patients in the highest risk quartile had a wide range of values ranging from 4%-68% (median 9%) for the 5-year score, 14%-98% (median 26%) for the 10-year score, and 24%-100% (median 43%) for the 15-year score. The variability of values within each of the other quartiles was much smaller and was generally low. Lastly, the concordance of other known prognostic scores for PBC was lower than that of the UK-PBC risk scores (and the GLOBE score) (Supporting Table S4 ).
Discussion
One of the main challenges in the application of prognostic scores is their ability to perform adequately in patient populations outside which they were initially derived and validated. We have herein demonstrated that the UK-PBC risk scores have excellent short-and long-term performance in patients assessed at a North American tertiary medical center. Patients with the highest quartile in 5-year UK-PBC risk scores had an event-free survival of only 82%, 73%, and 58% at 5, 10, and 15 years compared to those with lower scores whose event-free survival ranged from 93%-98%. Further, the UK-PBC risk scores had excellent performance even for patients whose survival exceeded 10 years, demonstrating that it has both good short-term and long-term applicability.
The excellent discrimination of the UK-PBC risk scores indicates that subjects were well ranked according to their risk of a future event. Calibration (i.e., observed versus predicted events) demonstrated that events occurred early than predicted in the MCPGE cohort compared to the UK-PBC cohort, suggesting differences between the cohorts that skew the overall calibration of the PBC-risk scores. This likely reflects the fact that the MCPGE cohort has a slightly different case mix than the United Kingdom cohort, as demonstrated by the characteristics at the time of UDCA commencement as well as characteristics 12 months after UDCA treatment. The MCPGE cohort consisted of patients with a greater degree of cholestasis, hepatitis, portal hypertension, and worse renal function compared to the UK-PBC cohort.
Despite these differences, it should be noted that the MCPGE cohort included in this study consisted of a significant proportion of subjects with early PBC, owing to the fact that the cohort was developed for the purposes of genetic epidemiology studies in PBC. (6) This allowed for a case mix that included patients with early and advanced disease that might otherwise have included a disproportionate number of patients with advanced disease, given that Mayo Clinic is a center that specializes both in transplant and PBC.
Where there were missing values, this study used multiple imputation, which is an accepted approach to handle missing data. While a higher proportion of patients who were excluded had a liver transplant or significant hyperbilirubinemia, this is unsurprising given that the basis for exclusion for over 10% of these patients was the occurrence of an event within a year of starting UDCA.
Interestingly, despite including hyperbilirubinemia as an outcome, the derivation paper of the UK-PBC risk scores reported no patients with this event. By contrast, approximately 5% of the MCPGE cohort reached the threshold of hyperbilirubinemia prior to death or transplant. The majority of these patients (92%) received a liver transplant or died during followup. This may reflect differences in liver transplant eligibility where patients are given transplants prior to reaching the bilirubin threshold defined by the UK-PBC group. Indeed, since approximately 2007, the United Kingdom has used the United Kingdom Model for End-Stage Liver Disease rather than the Model for End-Stage Liver Disease (MELD), which is used in North America (now replaced by the Na-MELD). (11) While these scores use the same laboratory values and thus appear quite similar, each score was based on different risk models and was generated from different patient populations. Importantly, despite potential underlying differences between the Na-MELD and the United Kingdom Model for EndStage Liver Disease, the UK-PBC risk scores maintain excellent performance.
In conclusion, this study demonstrates that the UK-PBC risk scores performed well in a cohort assessed at a tertiary medical center in North America, although there was a quartile of patients with earlier than expected events due to advanced disease.
